Hepatitis B virus (HBV) polymerase (P) gene is translated from the bicistronic pregenomic RNA with the core (C) gene in the first cistron. The P ORF is preceded by the C AUG and three AUG codons within the C region, where a minicistron of 7 amino acids can potentially be translated. Our results indicate that the efficiency of the P gene translation initiation was about 10 % of that of the C gene when both genes were fused in-frame to a lacZ reporter in an mRNA similar in structure to the pregenomic RNA. By mutational analysis, about 74 % of the translation initiation of HBV P gene was shown to be by ribosomes that reinitiated after terminating translation of this minicistron, while the rest was by two mechanisms : one by ribosomes leaky scanning through every upstream AUG and the other by
Introduction
Hepadnaviruses are a group of small, partially doublestranded, circular DNA viruses. The replication of hepadnavirus is carried out by a viral DNA polymerase (P protein) through reverse transcription of an RNA intermediate. This reaction takes place inside the core particle, comprised of core (C) protein, P protein and a pregenomic RNA template. Encapsidation is mediated by a specific cis-acting sequence, i.e. a stem-loop structure, present at the 5h end of the pregenomic RNA. P protein can bind to this structure to initiate an encapsidation reaction and DNA priming (reviewed in Nassal & Schaller, 1993) . P protein is translated from the bicistronic pregenomic RNA. The P open reading frame (ORF) is downstream of an Author for correspondence : Tsung-Sheng Su (at the Department of Medical Research and Education). Fax j886 2 2875 1562. e-mail tssu!vghtpe.gov.tw ribosomal backwards scanning to the P AUG after finishing the translation of the C gene. The efficiency of termination-reinitiation depended on the size of the minicistron, i.e. the reinitiation efficiency decreased about 50 % when the size increased from 24 nt to 57 nt. When a 44 nt HBV sequence comprising the minicistron was inserted at the 5h untranslated region of the cat gene, CAT expression was regulated in a similar way to that of the HBV P gene. Moreover, when transfection occurred with an HBV expression plasmid containing an inactivated minicistron, production of virus-like particles dropped to about one-third of the wild-type level, suggesting that the termination-reinitiation mechanism is indeed important for HBV P gene expression.
overlapping out-of-frame C ORF. Earlier studies showed that synthesis of P protein occurs by de novo translation initiation at the first AUG of the P ORF (Chang et al., 1989 ; Schlicht et al., 1989 ; Roychoudhury & Shih, 1990) . In pregenomic RNA, the P ORF is preceded by the C AUG and multiple AUG codons in different frames, ranging from two to three in HBV to 13 in duck hepatitis B virus (DHBV) (Sprengel et al., 1985) . In addition, the context of the initiation codon of the P gene is suboptimal when compared with the consensus sequence proposed by Kozak (1989) . It is of interest to know how efficient the P ORF is in initiation and through what mechanism. A study by Chang et al. (1990) has shown that the translation of the P gene in DHBV depends on a mechanism other than scanning to allow internal entry of ribosomes to the region of the P initiator. On the other hand, using an in vitro transcription and translation coupling system, the translation of the HBV P gene was shown to depend on ribosomal leaky scanning (Lin & Lo, 1992) . A similar conclusion was obtained by Fouillot et al. (1993) in their study on the translation of the Fig. 1 . Determination of the relative efficiency of translation initiation of the HBV C and P genes. (a) Schematic diagram of the HBV-lacZ fusion plasmids and analysis of the translational products. Construct pCP-Z contains the P ORF fused in-frame to the lacZ gene. Boxes represent ORFs. Both ends of the C and P ORFs are numbered with nucleotide 1 starting at A residue of the C gene initiation codon. Construct pC-P-Z has both C and P ORFs in-frame with the lacZ gene. A T residue at nt 394 within the C region is deleted as indicated (∆T). The bent arrow denotes the direction and initiation site of the RNA transcript under the control of the SV40 early promoter. Construct pCP m -Z was derived from pCP-Z in which the initiation codon of the P gene was changed to ACG. ' Mock ' indicates cells transfected with salmon sperm DNA. ECL Western blot analysis was performed with crude extracts from transfected HuH-7 cells with MAb to β-galactosidase (anti-β-Gal) (lanes 1-4) or with polyclonal antibody to HBcAg (anti-HBc) (lanes 5 and 6). The positions of C-P-Z and P-Z fusion proteins are marked by arrows. The ratio of signal intensity of C-P-Z to that of P-Z was determined by densitometry to be 9n54p0n21 from the results of two independent experiments. The identity of the 120 kDa protein that reacted with MAb to β-galactosidase is not clear. (b) Pulse-chase experiment performed in pC-P-Z-transfected HuH-7 cells. Twenty-eight hours post-transfection, HuH-7 cells were starved of methionine for 1 h, then labelled with [
35 S]methionine for 2 h. After that, cells were cultured in medium with excess of unlabelled methionine and harvested at the times indicated. The [
35 S]methionine-labelled proteins were examined by SDS-PAGE after immunoprecipitation with MAb to β-galactosidase. The amounts of C-P-Z and P-Z proteins were quantified by a PhosphorImager and plotted against the time that cells were cultured in medium without isotope.
HBV P gene using a transfection system with a reporter gene fused to the bicistronic mRNA. In addition, they identified an out-of-C-frame minicistron that participated in the translation of the P gene. Their data suggest that the translation of this minicistron may allow ribosomes to bypass an AUG codon in a favourable context ; otherwise, a truncated capsid protein will be translated instead. Ribosomes that terminate the translation of this minicistron can reinitiate at the downstream P AUG.
The presence of small upstream open reading frames (uORFs) in the 5h leader of eukaryotic mRNAs has been found to play a role in modulating translation of the downstream cistron (reviewed in Geballe & Morris, 1994) . One of the best studied examples is short uORFs in the yeast GCN4 leader mRNA, which participate in translational control of GCN4 synthesis (Hinnebusch, 1997) . Similarly, translation of the HBV P gene appears to be controlled by leaky scanning together with a termination-reinitiation mechanism involving an upstream minicistron (Fouillot et al., 1993) . To determine how efficiently the HBV P gene is translated and to better define the contribution of each of the mechanisms on its translation initiation, an in vivo expression system using the lacZ gene as a reporter was developed in this study. Furthermore, the biological significance of the regulatory function of this upstream minicistron on virion production was studied by a DNA transfection system using the full-length HBV clones.
Methods
Plasmid construction and mutagenesis. Plasmid pCP-Z (Fig. 1) was constructed by inserting a 579 bp HBV DNA fragment (nt 3165-561, the A residue of the C gene initiation codon being counted as nt 1) which included the entire C ORF (nt 1-552) and 155 nt of the N terminus of the P ORF (nt 407-561) into the N terminus of the lacZ ORF of plasmid pCH110 (Pharmacia). This construct has the P ORF fused inframe to the N terminus of the lacZ ORF (P-Z fusion) and is under the transcriptional control of the simian virus 40 (SV40) early promoter. Plasmid pCd3-Z (see Fig. 3 ) was constructed similarly except that a 165 bp HBV fragment (nt 213-377) containing the Cd2 minicistron (nt 263-286) and the Cd3 region (nt 277-377) was PCR amplified and cloned into pCH110 to generate a Cd3-Z fusion plasmid. Plasmids with enlarged distances between Cd2 and Cd3 ATGs (11 nt in wild-type) were constructed by inserting oligonucleotides in between. This was achieved by first creating a SalI site in between Cd2 and Cd3 ATGs to obtain construct pCd2(14)Cd3. The number of nucleotides between Cd2 ATG and Cd3 ATG is given in parentheses. To extend the distance between the Cd2 and Cd3 ATGs, pre-annealed, complementary 12 nt fragments (5h tcgaATATCACT 3h and 5h tcgaAGTGATAT 3h) or 30 nt fragments (5h tcgaATATCAACACTTCGAATATCAACACT 3h and 5h tcgaAG-TGTTGATATTCGAAGTGTTGATAT 3h) were reiteratively inserted into the unique SalI site of pCd2 (14)Cd3. The lowercase letters in the oligonucleotides represent a single-stranded sequence at the end of preannealed DNA that complements the sticky end of the SalI restriction enzyme site. The derivatives of pCd3-Z with enlarged spacing between ATGs of Cd2 and Cd3 were produced by PCR amplification using the DNA template from the relevant plasmid of the pCP-Z series. Plasmid pCd2\Cd3CAT (see Fig. 4 ) was constructed by introducing the 44 bp DNA fragment of HBV nt 253-296 containing the entire Cd2 ORF (nt 263-286) into plasmid pSVcat. Plasmid pHBV contains an overlength HBV genome about 3n8 kb in size (started at HBV nt 2653 and ended at nt 84) which encodes the viral pregenomic RNA under the transcriptional control of its own promoter and enhancers. In this construct, the X gene ORF (nt 2656-3120) resides at the 5h of the genome. In this study, the HBV sequences were derived from HBV expression plasmid pMH-9\3091 (Junker et al., 1987) , which belongs to the ayw subtype (Galibert et al., 1979) . Site-directed mutagenesis was performed as described by Kunkel (1985) .
Transfection, β-galactosidase and CAT assays. The human hepatoma cell line, HuH-7 (Nakabayashi et al., 1982) , was transfected using the calcium phosphate co-precipitation method (Sambrook et al., 1989) . Forty-eight to 60 h after transfection, cells were trypsinized and aliquots used for crude extract preparation and for total RNA and total DNA isolation (Sambrook et al., 1989) . The crude extract was used for the assays of β-galactosidase and CAT activity (Sambrook et al., 1989) . RNA was subjected to Northern blot analysis using sequences of lacZ, CAT or HBV as probes (Sambrook et al., 1989) , while DNA provided material for slot blot analysis to monitor plasmid DNA inside cells using β-lactamase DNA as a probe (Abken & Reifenrath, 1992) .
Western blot analysis and immunoprecipitation. For Western blot analysis (Sambrook et al., 1989) , β-galactosidase-related proteins were detected with mouse monoclonal antibody (MAb) to β-galactosidase (Promega), followed by horseradish peroxidase (HRP)-conjugated anti-mouse antibody (Amersham). HBV C proteins were detected with polyclonal antibody to HBcAg (Dako), followed by HRP-conjugated anti-rabbit antibody (Amersham). Specific proteins were visualized by the enhanced chemical luminescence (ECL) detection system (Amersham). The signal intensity of protein bands from various exposures was quantified by densitometry (Molecular Dynamics). For immunoprecipitation, HuH-7 cells 28 h post-transfection were starved for methionine for 1 h, then labelled with 200 µCi\ml [$&S]methionine in an 85 mm diameter culture dish for 2 h before cells were harvested. For the pulse-chase experiment (Sambrook et al., 1989) , after labelling with [$&S]methionine for 2 h, cells were washed and incubated in medium with five times the amount of nonradioactive methionine. Cells were harvested at various times after being incubated in medium without isotope. Crude extracts were immunoprecipitated with MAb to β-galactosidase using protein A-Sepharose CL-4B (Pharmacia) as an immunoadsorbent. The immunoprecipitated proteins were analysed by 6 % SDS-PAGE and quantified by a PhosphorImager (Molecular Dynamics).
Viral DNA isolation and detection. Culture medium was collected at 5, 7 and 9 days post-transfection and centrifuged at low speed to sediment cell debris. After centrifugation at 4 mC at 186 000 g for 3 h with a TFT45Ti rotor (Beckman), the pellet was dissolved and digested with proteinase K. Viral DNA was extracted with phenolchloroform and precipitated. DNA was denatured with glyoxal and electrophoresed on a 1n2 % agarose gel (Thomas, 1980) . Southern blot analysis was performed using a [α-$#P]UTP-labelled, HBV minus-strandspecific riboprobe containing the C region (nt 84-523). RNAs from transfected cells were isolated for Northern blot analysis using a [α-$#P]dCTP-labelled HBV C-specific DNA probe.
Results
Translation initiation at the C gene is 10-fold greater than that at the P gene
The HBV P protein was estimated to be present in one to two molecule(s) per viral nucleocapsid (Bartenschlager & Schaller, 1992) , which comprises 240 or 180 C protein subunits (Crowther et al., 1994 ; Wingfield et al., 1995) . To examine to what degree the difference in amount of C and P proteins was controlled at the level of translation initiation, an assay with the lacZ gene as a reporter for both C and P initiators was undertaken. This was achieved by deleting a T residue in the C frame so that both C-P-Z and P-Z fusion proteins were in the same frame ( Fig. 1 a, pC-P-Z) and could be monitored simultaneously by Western blot analysis using a MAb to β-galactosidase. When crude extracts from pC-P-Z-transfected HuH-7 cells were analysed, three proteins, 141, 126 and 120 kDa in size, were detected ( Fig. 1 a, lane 4) . The 141 kDa protein also reacted with antibody to HBcAg, suggesting it was a C-P-Z fusion protein (Fig. 1 a, lane 5) . On the other hand, the 126 kDa protein is a P-Z fusion protein, as demonstrated by the fact that a protein of the same size was detected when cells were transfected with pCP-Z, which leads to expression of the P-Z protein only (Fig. 1 a, lane 1) . In addition, this 126 kDa protein disappeared when the initiation codon of the P gene in the pCP-Z construct was inactivated (Fig. 1 a, lane 2) . When the concentration of protein bands was estimated by densitometry, the intensities of the 141 and 126 kDa proteins were about 10 to 1. This ratio remained unchanged when the filter was exposed for various durations. Furthermore, this difference was not due to the half-lives of the C-P-Z and P-Z fusion proteins, as demonstrated by a pulse-chase experiment presented in Fig.  1(b) . Therefore, we conclude that the translation initiation at the C AUG was about 10 times more efficient than at the P AUG in this experimental system. The identity of the 120 kDa protein that also reacted with antibody to β-galactosidase in pC-P-Z-transfected cells is not clear at the present time.
HBV P gene translation initiation is mainly controlled by a termination-reinitiation mechanism
In pregenomic RNA of the HBV ayw subtype (Galibert et al., 1979) , the P gene is preceded by the C AUG and three other AUGs within the C region, designated as Cd1, Cd2 and Cd3 (Fig. 2 a) . Among these AUGs, Cd2 is the only one out-offrame with the C AUG and can potentially translate a peptide of 7 amino acids (Fig. 2 a) . The study by Fouillot et al. (1993) has shown that translation of this Cd2 minicistron allows ribosomes to bypass Cd3 AUG in a favourable context, therefore, ribosomes can reinitiate at the P gene AUG after finishing translation of the Cd2 minicistron. To study how much of the activity of the P initiator is controlled by this termination-reinitiation mode, β-galactosidase activity was assayed in a construct derived from pCP-Z with the Cd2 AUG inactivated (Fig. 2 b, Cd2 m ) . That the activity in this construct dropped to about one-quarter of the control value indicated the positive role that Cd2 AUG played in P gene translation, i.e. about 74 % of P initiation could depend on Cd2 AUG. However, when the Cd3 AUG was inactivated, a 2n5-fold increase in β-galactosidase activity was observed (Fig. 2 b , Cd3 m ), suggesting that a larger fraction of ribosomes can continue the scan to initiate at the P AUG if the Cd3 AUG is inactivated. Similar levels of mRNA hybridizable to the lacZ sequence were observed among cells transfected with various constructs (Fig. 2 c) , indicating that the level of β-galactosidase activity indeed reflected regulation at the translational level. Our study shows that 74 % of P gene initiation was by ribosomes that reinitiated after terminating the translation of the Cd2 minicistron. To study the origin of the remaining P gene initiation, we first examined the contribution of ribosomal leaky scanning through C, Cd1, Cd2 and Cd3 AUGs. When transfection with construct having the sequence flanking the Cd3 AUG changed to the optimal context, a small reduction of 8 % of P gene activity was observed (Fig. 2 b, Cd3 op ) . If one assumes that ribosomes forwards scanning to the P AUG are blocked totally by this favourable AUG, the reduction of 8 % of P gene activity observed in construct Cd3 op would suggest the contribution of direct leaky scanning to this fraction of P gene expression. On the other hand, the initiation efficiency by ribosomal backwards scanning is known to be distancedependent . This distance for the P gene initiator, i.e., the gap between the end of the C ORF and the initiation codon of the P gene, is 143 nt. When it extended to 236 nt, by destroying the authentic termination codon of the C ORF, an 18 % reduction in P gene translation was observed (Fig. 2 b, C ext ) . Therefore, backwards scanning might contribute about 18 % of the observed P gene translation initiation.
The length of the Cd2 minicistron is important for P expression
It is noteworthy that the translation at the P gene initiator was about one-tenth as efficient as that at the C gene initiator (Fig. 1) . Considering the suboptimal context of the P gene AUG, together with the fact that multiple AUGs need to be scanned through, the termination-reinitiation mechanism responsible for P initiation is, in fact, quite efficient. The intercistronic length is known to affect the efficiency of reinitiation, and in this case the distance between the Cd2 minicistron and the P AUG is 120 nt, which is within the optimal length of 79-147 nt for reinitiation (Kozak, 1987) . On the other hand, the size of the uORF has also been suggested to determine the efficiency of reinitiation (Kozak, 1987 ; Luukkonen et al., 1995) . To examine whether the Cd2 minicistron is of an optimal length for reinitiation, the following study was undertaken. A SalI site to facilitate sequence insertion was introduced between the Cd2 and the Cd3 ATG of plasmid pCP-Z, which can express P-Z fusion protein. The resulting construct, designated as pCd2 (14)Cd3, has spacing between the Cd2 and Cd3 AUGs increasing from 11 nt to 14 nt. A reiterative insertion of oligonucleotides was introduced into the SalI site to obtain constructs with Cd2-Cd3 spacing varying from 11 nt to 74 nt. Concomitant with this change, the size of the Cd2 minicistron increased from 24 nt to 87 nt. It should be noted that the intercistronic length between the Cd2 ORF and the P ORF was the same among these constructs. The data indicate that the reinitiation efficiency was optimal when the Cd2 ORF was less than 39 nt, while a 50 % reduction of β-galactosidase activity was observed when that size increased to 57 nt (Fig. 3) . This effect could not be the result of sequence variation of the Cd2 ORF since the amino acid sequence of the Cd2 ORF was found not to be important for P gene initiation (unpublished data). In addition, attention was paid to keeping a minimal change in amino acid composition and codon usage when increasing the length of the Cd2 ORF. Thus, the data suggest that the reinitiation efficiency is inversely related to the size of the Cd2 minicistron. On the other hand, translation of the Cd2 minicistron may create a steric interference on the initiation at the Cd3 AUG due to the close vicinity of these two AUG codons. Conceivably, sequence insertion not only increased the size of the Cd2 ORF but also relieved this steric constraint. As a result, the reduction in P gene expression observed in Fig. 3 may be in part due to the increase of Cd3 AUG usage as a negative effect on P gene initiation (Fig. 2 b,  Cd3 m ) . To check this possibility, the influence of the distance between the Cd2 and Cd3 AUGs on Cd3 expression was examined using construct pCd3-Z with the lacZ gene fused inframe to the Cd3 ATG (Fig. 3) . Due to the low β-galactosidase activity in pCd3-Z-transfected cells, expression of the Cd3-Z fusion protein was assayed by immunoprecipitation with β-galactosidase MAb from [$&S]methionine-labelled transfected cells. A 125 kDa protein, size predictive of the Cd3-Z fusion protein, was detected in HuH-7 cells transfected with pCd3-Z (Fig. 3) . The identity of this protein was also supported by its disappearance when transfected with construct with the Cd3 AUG inactivated (data not shown). The increase in the spacing between the Cd2 and Cd3 AUGs would slightly decrease, rather than increase, the translation efficiency of Cd3 (Fig. 3) . Therefore, the decrease in P gene initiation with enlarged spacing between the Cd2 and Cd3 AUGs was not the result of the increase in Cd3 usage. It is also possible that, rather than , ATG out-of-frame with the C ORF ($). The position of the A residue in each ATG is indicated. The Cd2 minicistron is underlined and its nucleotides and amino acid sequences are presented. The consensus of the ATG context is the optimal sequence proposed by Kozak (1989) in which nucleotides at positions k3 and j4 are highly conserved. (b) Influence of the upstream ATG on P gene translation. The ATGs on the C ORF of pCP-Z and its derived constructs are schematically presented. The symbols are as described in (a). In addition, the P gene ATG is denoted by an open square ( ). Cd2 m and Cd3 m represent the change of the initiation codon of Cd2 and Cd3 to ACG and TTG, respectively, and are marked by a cross (i). Cd3 op was generated by changing the context of the Cd3 ATG to the consensus sequence and is marked by a asterisk (*). C ext has the C ORF extended from 143 nt downstream of the P AUG to 236 nt by mutating the authentic termination codon of the C ORF from TAG to CAG. The end of the C ORF is marked by a vertical line. Sixty hours after transfection, HuH-7 cells were trypsinized. Cells were aliquotted for β-galactosidase assay and for total RNA isolation. The level of β-galactosidase activity in cells transfected with pCP-Z, i.e. WT, was set at 100 %. The data have been adjusted by β-galactosidase mRNA level and represent the meanpSD from four independent experiments. The differences between constructs Cd3 op and C ext and the wild-type are statistically significant at the 5 % level using a t-test. The percentage β-galactosidase activities of the 95 % confidence interval for Cd3 op and C ext are 88n2-96n4 and 72n8-92n0, respectively. (c) Northern blot analysis of mRNA from transfected HuH-7 cells using the lacZ sequence as a probe. RNA isolated from transfected cells was denatured with glyoxal, electrophoresed, transferred to nitrocellulose paper and hybridized with a 32 P-labelled lacZ DNA probe. Fig. 3 . Effect of the size of the Cd2 minicistron on the initiation at the P and Cd3 AUGs. The reporter gene, lacZ, is fused in-frame to either the P ORF in pCP-Z or to the Cd3 ORF in pCd3-Z. The distance between Cd2 and Cd3 ATGs was enlarged from 11 nt in wild-type to various lengths by inserting oligonucleotides in between. The number of nucleotides between the Cd2 ATG and the Cd3 ATG is given in parentheses. The length of the Cd2 ORF in each construct is also indicated. The amount of P-Z fusion protein from pCP-Z, i.e. Cd2(11)Cd3, and its derivatives was assayed by the activity of β-galactosidase while the activity in pCP-Z-transfected cells was set at 100 %. The expression of the Cd3-Z fusion protein from pCd3-Z, i.e. Cd2(11)Cd3, and its derivatives was assayed by immunoprecipitation with β-galactosidase MAb from [ 35 S]methioninelabelled transfected cells and examined by SDS-PAGE. The autoradiography from one of the assays is presented to the right. The Cd3-Z fusion protein, 125 kDa in size, is indicated. A non-specific crossreacted protein was also visible in control transfection with salmon sperm DNA (lane labelled ' mock '). The data have been adjusted for transfection efficiency either by monitoring β-galactosidase mRNA expression in the pCP-Z series or by monitoring plasmid DNA inside the cells by slot blot analysis using the β-lactamase sequence as a probe in the pCd3-Z series. The data represented as meanpSD are derived from three independent experiments. the initiation event, the termination of Cd2 minicistron translation may interfere with Cd3 usage when the distance between the Cd2 termination codon and the Cd3 AUG codon was only 4 nt (Fig. 2 a) . For this reason, we studied Cd3 expression after extending the Cd2 ORF to 87 nt by destroying its authentic termination codon. Cd3 initiation in this construct, reflected by the β-galactosidase level, did not increase to imply a steric interference (data not shown). Taken together, the small size of the Cd2 minicistron, coupled with the long intercistronic scanning length, are mainly responsible for the high efficiency of reinitiation at the P AUG.
The effect of the minicistron on P gene translation can be reproduced in a heterologous system
To explore how general the effect of the Cd2 minicistron on the downstream gene expression was and also to define the sequence required for this regulation, a 44 nt HBV fragment that comprised an entire Cd2 minicistron plus 10 nt upstream and downstream was PCR-amplified and inserted into the 5h untranslated region of the cat gene in plasmid pSVcat. This construct, designated as pCd2\Cd3CAT (Fig. 4 a) , has several characteristics : (1) a good context in cat initiation codon, i.e. AAAAUGG ; (2) absence of C and Cd1 AUGs in its leader transcript ; (3) 53 nt between the Cd2 minicistron and the cat gene ; and (4) the Cd3 frame terminated at 132 nt behind the cat initiation codon. If CAT activity from pCd2\Cd3CAT-transfected cells was set as 1, CAT activity dropped to 0n11 when the Cd2 AUG was inactivated (Fig. 4, lane 2, Cd2 m \Cd3) . If the Cd3 AUG was inactivated instead, CAT activity increased twofold when compared with the wild-type construct (Fig. 4, lane 3, Cd2\Cd3 m ) . If none of the AUG codons were placed upstream, i.e., the construct with the HBV sequence inserted in a reverse orientation, CAT activity increased fourfold instead [Fig. 4 , lane 4, (R)Cd2\Cd3]. Furthermore, Northern blot analysis of cat mRNA showed that the difference in CAT activity could not be attributed to the variation at the CAT mRNA level (Fig. 4 c) . The translation of the Cd2 minicistron was noted to have a greater effect on cat gene expression compared to that in the HBV P gene (compare Cd2 m in Fig. 2 b and Cd2 m \Cd3 in Fig. 4) , suggesting that termination-reinitiation might play a greater role in this system. It is conceivable that the optimal context of the cat AUG would allow ribosomes to reinitiate rather more efficiently after terminating the translation of the Cd2 minicistron. Taken together, data show that the 44 nt HBV sequence alone is sufficient to reproduce in a heterologous gene the translation regulation observed in the HBV P gene.
Role of the Cd2 minicistron in HBV virion production
HBV P gene expression is important for pregenomic RNA packaging and reverse transcription. The deregulation of P gene translation may influence viral DNA replication and virion production. To study the role of the Cd2 minicistron in virion production, mutation of the Cd2 ATG or Cd3 ATG was introduced into pHBV, which contained an overlength HBV genome with a complete set of HBV structural genes and regulatory regions. Viral DNA isolated from virus-like particles collected from the culture medium of transfected HuH-7 cells was analysed by Southern blotting using HBV minus-strandspecific riboprobe containing the C region for hybridization (Fig. 5 a) . The level of pregenomic RNA was also analysed by Northern blotting to evaluate the transfection efficiency (Fig.  5 b) . We found that the level of viral DNA did not vary between cells transfected with the wild-type construct and those transfected with the construct carrying the Cd3 ATG mutation (Fig. 5 c) . The lack of effect of the Cd3 mutation on virus-like particle production cannot be the result of the amino acid substitution in the capsid protein (methionine to leucine at amino acid 93) since no significant change in the level of virus-like particles was observed when co-transfected with an expression plasmid of wild-type C protein (data not shown). Thus, even though there was a 2n5-fold increase in P gene translation initiation when Cd3 was mutated (Fig. 2 b, Cd3 m ) , no apparent effect on the production of virus-like particles was observed. On the other hand, DNA decreased to about onethird the amount when Cd2 ATG was inactivated (Fig. 5 c,  Cd2 m ) . In this case there was no change in the amino acid sequence of the capsid protein due to degeneracy of the genetic code. Therefore, the Cd2 minicistron indeed plays an important role in the production of virus-like particles.
Discussion
Our data show that HBV P gene translation is mostly (74 %) carried out by ribosomes that terminate the translation of the Cd2 minicistron then reinitiate at the P AUG. The remaining initiation occurs via at least two mechanisms : one by ribosomes leaky scanning through the C, Cd1, Cd2 and Cd3 AUGs and the other by ribosomal backwards scanning to the P AUG after finishing the translation of the C ORF. The efficiency of backwards scanning is known to be distancedependent . The distance of 143 nt between the termination codon of the C ORF and initiation codon of the P ORF is considered to be too long for ribosomal backwards scanning to occur. However, a high proportion of ribosomes that enter at the 5h cap structure of the pregenomic RNA would end at the termination codon of the C gene, since only the Cd2 AUG is out-of-frame with the C ORF. The contribution of backwards scanning to P gene initiation is probably due to the relatively high amount of ribosomes (in reference to Cd2 initiation) participating in this scanning process, albeit inefficiently. On the other hand, the efficiency of backwards scanning may depend not only on the length of the overlapping region of the upstream and downstream ORFs but also on the size of the upstream ORF. As postulated by Kozak (1987) , the transiently retained initiation factors within the translation complex are required for reinitiation ; however, these factors were released stochastically during translation elongation. Thus, when the length of the upstream ORF increased, the association of such factors decreased to affect the efficiency of reinitiation at the downstream ORF. In this regard, the relatively small size of the Cd3 ORF in conjunction with its optimal translation context may create favourable conditions for ribosomal backwards scanning to occur.
The upstream AUG codons in general exert a suppressive influence on downstream gene translation due to the scanning nature of ribosomes on translational initiation (Geballe & Morris, 1994) . The positive role of the Cd2 minicistron on HBV P gene expression is unique in this aspect. However, when the Cd3 AUG was inactivated, the dependence of P expression on the Cd2 minicistron no longer existed ; instead, the inhibitory influence of the uORF was observed (unpublished data). A similar phenomenon was observed when using the CAT expression system [Fig. 4 , comparing Cd2\ Cd3 m and (R)Cd2\Cd3]. The Cd3 AUG sequence, besides being in-frame with the C ORF, is in an optimal initiation context (see Fig. 2 a) . Our study shows that most of the scanning ribosomes will initiate at this AUG if other upstream AUGs are absent (see Fig. 2 b, comparing WT and Cd3 op ). Apparently, one of the roles of the Cd2 AUG is to intercept a portion of the scanning ribosomes before they reach the Cd3 AUG. Thereby, after translation of the Cd2 minicistron, ribosomes can reinitiate at the downstream P AUG. Our study also shows that although the distance between the Cd2 and Cd3 ATGs is only 11 nt, there is no steric interference on initiation (see Fig. 3 ). Moreover, the efficiency of reinitiation is determined by the size of the Cd2 minicistron (see Fig. 3 ). Similar observations were reported by Luukkonen et al. (1995) when studying the effect of the size of the upstream tat ORF on downstream rev ORF initiation in human immunodeficiency virus type 1 (HIV-1). These results support the hypothesis of Kozak (1987) that the efficiency of reinitiation is inversely related to the size of the upstream ORF.
A study by Bartenschlager & Schaller (1992) estimated that there are only one or two P protein molecule(s) per viral nucleocapsid, which is composed of 240 or 180 core protein subunits (Crowther et al., 1994 ; Wingfield et al., 1995) . However, one would expect that the amount of P protein inside the cell is not that low if a critical concentration of P protein is required to trigger the encapsidation reaction (Nassal et al., 1990) . By assaying β-galactosidase expression using construct pC-P-Z with the lacZ gene fused in-frame to both the C and P ORFs, we found that the strength of the P gene initiator is about one-tenth the value of that of the C gene initiator when both were arranged in a similar configuration to pregenomic RNA. It should be pointed out that in construct pC-P-Z, both the C and P ORFs are in the same frame. Such an arrangement could have an influence on the relative translation initiation of the C and P ORFs (Fajardo & Shatkin, 1990 ). In addition, in this RNA, the backwards scanning contributing to P initiation would not be expected to occur, owing to the extremely long distance of scanning. In this study, only translation initiation was examined. Conceivably, control can also occur at the levels of translation elongation and protein stability. In addition, in hepadnavirus, translation of C and P proteins may be affected by encapsidation, since both events employ the same template. Moreover, Howe & Tyrrell (1996) showed that DHBV polymerase can act as a suppressor of C protein translation to control coordinately the events of translation and encapsidation of the pregenomic RNA. Apparently, hepadnavirus employs multiple mechanisms to regulate its gene expression to ensure the best survival of its progeny. The elaborate mechanism for controlling P gene translation initiation is just one of the examples. This study showed that although there was a 2n5-fold increase in P gene initiation if the Cd3 AUG was inactivated, no effect on virus-like particle production was detected when transfected with such a mutant (see Fig. 5 ). This suggests that even if the P gene is excessively translated, there are checks to keep the protein at a constant level. However, one cannot rule out that factor(s) other than the P protein, such as a multi-component chaperone complex consisting of Hsp90 and Hsp23 that also participates in virus production (Hu et al., 1997) , can be in a limited amount. Nevertheless, absence of the Cd3 ATG in the HBV genome of subtypes adr1 (Gan et al., 1987) , adyw (Pasek et al., 1979) and an adw identified in Taiwan (Lo et al., 1985 ; S. J. Lo, personal communication) suggests that this ATG is not essential for virus production. On the other hand, a decrease in viral DNA synthesis by transfecting the construct with inactivated Cd2 ATG indicates the importance of the termination-reinitiation mechanism on HBV P protein production. The conservation of the Cd2 minicistron among the genome of HBV subtypes supports this notion (Fouillot et al., 1993) .
